



































0Applied Surface Science 342 (2015) 34–41
Contents lists available at ScienceDirect
Applied  Surface  Science
journa l h om epa ge: www.elsev ier .com/ locate /apsusc
lectrodeposition,  characterization,  and  antibacterial  activity  of
inc/silver  particle  composite  coatings
.  Reyes-Vidala,1,  R.  Suarez-Rojasa, C.  Ruiza,  J.  Torresa, S¸ tefan  T¸a˘luc,
lia  Méndezb,  G.  Trejoa,∗
Center of Research and Technological Development in Electrochemistry (CIDETEQ), Parque Tecnológico Sanfandila, Pedro Escobedo, Querétaro, A.P.064,
.P.76703, Querétaro, Mexico
Centro de Química-ICUAP Benemérita Universidad Autónoma de Puebla, Ciudad Universitaria Puebla, 72530 Puebla, Mexico
Technical University of Cluj-Napoca, Faculty of Mechanical Engineering, Department of AET, Discipline of Descriptive Geometry and Engineering Graphics,
03-105 B-dul Muncii St., Cluj-Napoca 400641 Cluj, Romania
 r  t  i  c  l e  i  n  f  o
rticle history:
eceived 6 January 2015
eceived in revised form 5 March 2015
ccepted 8 March 2015




a  b  s  t  r  a  c  t
Composite  coatings  consisting  of zinc  and silver  particles  (Zn/AgPs)  with  antibacterial  activity  were  pre-
pared  using  an  electrodeposition  technique.  The  morphology,  composition,  and  structure  of  the  Zn/AgPs
composite  coatings  were  analyzed  using  scanning  electron  microscopy  (SEM)  coupled  with  energy-
dispersive  spectroscopy  (EDS),  inductively  coupled  plasma  (ICP)  spectrometry,  and X-ray  diffraction
(XRD).  The  antibacterial  properties  of  the coatings  against  the microorganisms  Escherichia  coli  as  a  model
Gram-negative  bacterium  and  Staphylococcus  aureus  as a model  Gram-positive  bacterium  were studied
quantitatively  and  qualitatively.  The  results  revealed  that the  dispersant  cetyltrimethylammonium  bro-
mide  (CTAB)  assisted  in  the  formation  of a  stable  suspension  of  Ag particles  in  the  electrolytic  bath  forlectrodeposition
ilver nanoparticles
inc
24  h.  Likewise,  a high  concentration  of  CTAB  in  the  electrolytic  bath  promoted  an  increase  in  the  number
of  Ag  particles  occluded  in  the  Zn/AgPs  coatings.  The  Zn/AgPs  coatings  that  were  obtained  were  compact,
smooth,  and  shiny  materials.  Antimicrobial  tests  performed  on  the Zn/AgPs  coatings  revealed  that  the
inhibition  of  bacterial  growth  after  30 min  of contact  time  was  between  91%  and  98%  when  the  AgPs
content  ranged  from  4.3 to 14.0  mg cm−3.
©  2015  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND. Introduction
Epidemiological data from Europe, North America, and Australia
ndicate that bacteria and viruses cause the spread of a signiﬁcant
ercentage of diseases from one person to another [1,2]. One route
ia which bacteria or viruses are transmitted is directly through
ontact with contaminated metallic surfaces (e.g., supermarket
hopping carts, handrails on buses, and metallic structures in recre-
tional parks). In fact, supermarket shopping carts and bus railings
re among the ﬁve most heterotrophic-bacteria-contaminated
ites. These structures predominantly consist of steel protected
ith a metallic coating, such as chromium (Cr), nickel (Ni), or zincZn). Zn coatings are widely used to protect steel surfaces because
hey are more resistant to environmental corrosion than is the steel
ubstrate [3,4].
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169-4332/© 2015 The Authors. Published by Elsevier B.V. This is an open access article unlicense (http://creativecommons.org/licenses/by-nc-nd/4.0/).
In recent years, inorganic antibacterial agents have attracted
the attention of researchers because of their thermal resistance
and the persistence of their antibacterial effects compared with
organic antibacterial agents [5]. Since the nineteenth century, sil-
ver (Ag)-based compounds have been used in many antimicrobial
applications; colloidal silver was  used in wound antisepsis and
in combination with citrate salts for the treatment of skin infec-
tions, and silver nitrate was  employed almost 100 years ago for
the treatment of ophthalmia neonatorum [6]. Currently, nanoparti-
cles are used in numerous physical, biological, and pharmaceutical
applications. The antibacterial properties of silver particles against
Gram-negative and Gram-positive bacteria have been widely
demonstrated [7–11]; for this reason, silver particles (AgPs) are
used in a large variety of applications, such as athletic apparel,
washing machines, food packaging materials [12,13], and, most
importantly, in the medical ﬁeld as bactericidal and therapeutic
agents. AgPs are used in the fabrication of dental devices, as bacte-
ricidal coatings in water ﬁlters, and as antimicrobial agents in air
sanitizer sprays, pillows, respirators, socks, wet wipes, detergents,
soaps, shampoos, toothpastes, and many other consumer products.
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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gPs are also used as antimicrobial agents in many public places
uch as railway stations and elevators in China, and they are said
o demonstrate good antimicrobial activity. Although silver parti-
les offer various beneﬁts, primarily as a result of their beneﬁcial
ntibacterial properties [14,15], there is also the problem of the
anotoxicity of silver. Various studies in the literature suggest that
anoparticles can cause various environmental and health-related
roblems [16,17]. Nevertheless, there is a need for more studies to
e conducted before it can be unequivocally concluded that the use
f silver nanoparticles poses a signiﬁcant problem.
In this work, the antimicrobial properties of silver particles
AgPs) are combined with the protective capacity of Zn coatings to
orm Zn/AgPs composite coatings. The advantage of such Zn/AgPs
omposite coatings is as follows: during the zinc electrodeposi-
ion process, the silver particles become occluded in the zinc metal
oating matrix without losing their antibacterial properties, thus
orming part of the coating and not merely a surface ﬁlm; in this
anner, hygienic metal coatings are formed. The combination of
he antimicrobial properties of silver particles (AgPs) with the pro-
ective capacity of Zn coatings enables the possibility of a number of
ovel applications for Zn/AgPs composite coatings, in the biomed-
cal ﬁeld or in food processing, for example. More broadly, this
echnology can be applied in any situation in which metallic objects
re in constant contact with people’s hands and in which the sur-
aces involved must be durable, safe, readily cleanable, and resistant
o microbial contamination.
The objective of the present work was to investigate the effects
f the dispersant (surfactant) concentration in the electrolytic bath
n the stability of the AgPs suspension as well as the chemical
omposition, morphology, structure, and antibacterial activity of
he Zn/AgPs coatings obtained using an electrolytic bath containing
uspended Ag nanoparticles.
The morphologies, elemental composition proﬁles, and struc-
ures of the Zn/AgPs coatings were analyzed using scanning
lectron microscopy coupled with energy-dispersive spectroscopy
SEM–EDS), inductively coupled plasma (ICP) spectrometry, and X-
ay diffraction (XRD). The antimicrobial activities of the Zn/AgPs
omposite coatings against Escherichia coli (E. coli) as a model Gram-
egative bacterium and Staphylococcus aureus (S. aureus)  as a model
ram-positive bacterium were investigated.
. Materials and methods
.1. Turbiscan Lab Expert stability analyses
To achieve the occlusion of the Ag particles (AgPs) during the
inc electrodeposition process, a stable dispersion of the AgPs in
he aqueous solution is required. The modiﬁcation of a solid sur-
ace via the adsorption of a water-soluble polymer is an efﬁcient
nd widely employed method of enhancing the dispersion stabil-
ty of a suspension [18,19]. Electrostatic and steric mechanisms are
ypically considered to be responsible for the stabilization of sus-
ensions. Adding a dispersant, because of its spatial structure and
ydrophilic functional groups, can enhance the electrostatic repul-
ion and steric hindrance between AgPs. In addition, because of the
dsorption of the cationic surfactant onto the surfaces of the silver
articles, the AgPs develop a positive surface charge (see Fig. 1),
hich facilitates their migration toward the surface of the cathode
negatively charged electrode), where they are occluded during the
ormation of the Zn coating.
The following procedure was used to analyze the inﬂuence of
he dispersant (surfactant) on the stability of AgPs in an electrolytic
ath. First, 0.0625 g of AgPs (99.9%, 50–60 nm,  SkySpring Nanoma-
erials, Inc.) was weighed and added to 25 mL  of a base solution S0
electrolytic bath) at pH 5.0 that contained the following: 81.0 g L−1Fig. 1. Schematic model of the absorption of CTAB on charged electrode surfaces.
ZnCl2.6H2O + 208.80 g L−1 KCl + 25 g L−1 H3BO3 + 0.75 g L−1 sodium
benzoate + 0.2 g L−1 benzylideneacetone + 1.5 g L−1 PEG + 2.8 g L−1
triethanolamine. Next, the dispersant, cetyltrimethylammonium
bromide (CTAB) (98%, Spectrum Labs, USA), was  added to the solu-
tion in the desired concentration (mM)  at a given pH value for the
evaluation of the long-term dispersion stability. Several concen-
trations of CTAB in the electrolytic bath were tested. The aqueous
suspension of AgPs was  placed into cylindrical glass tubes and set
into a Turbiscan Lab Expert analyzer (Formulation Co., L’Unión,
France). The Turbiscan Lab Expert not only allows for the mea-
surement of the long-term stability of opaque and concentrated
colloidal dispersions using a single instrument but also is capa-
ble of detecting instability much earlier and more easily than can
be accomplished with the naked eye [20]. The sensors for trans-
mitted and backscattered light in this optical analyzer scanned the
entire height (53 mm)  of the aqueous AgPs suspension (25 mL)  for
24 h. The stability analysis of the aqueous AgPs suspension was per-
formed based on the transmission (T) and backscattering (BS)
proﬁles shown in Fig. 2. The thickness of the clarifying layer (H)
in the clarifying zone can be calculated from the transmittance
graph using the TLAB EXPERT software. In this software, the user
deﬁnes the lower and upper limits of transmittance (Hinf and Hsup,
respectively); the software then determines the positions of Hinf
and Hsup with respect to the length of the vial (Hd-sup and Hd-inf)
(see Fig. 2a). The distance H (mm)  with respect to the length of
the vial between the two values (H = Hd-sup − Hd-inf) deﬁnes the
extent of the precipitation of the AgPs. Small values of H indi-
cate a stable suspension, whereas large values indicate an unstable
suspension.
2.2. Zn/AgPs coatings
Zn/AgPs composite coatings were formed via electrodeposi-
tion, using a methacrylate parallel-plate cell with an interelectrode
distance of 5 cm. The temperature of the electrolytic bath was  main-
tained at 25 ◦C. A Zn plate (99%, Atotech) was used as the anode, and
a plate of AISI 1018 steel with an exposed area of 10 × 15 cm2 was
used as the cathode. The Zn/AgP composite was electrodeposited
from a base solution (S0) composed of the following: 81.0 g L−1
ZnCl2.6H2O + 208.80 g L−1 KCl + 25 g L−1 H3BO3 + 0.75 g L−1 sodium
benzoate + 0.2 g L−1 benzylideneacetone + 1.5 g L−1 PEG + 2.8 g L−1
triethanolamine + 2.5 g L−1 AgNPs + x mM CTAB, where x = 0.0, 0.05,
0.1, 0.5, 1.0, 10, or 50. All reagents were of analytical grade, and
the corresponding solutions were prepared using deionized water
(18 M cm). In all cases, the pH of the working solution was  5.0. The
composition of the bath was formulated and optimized in our lab-
oratory. The electrodeposition current density (0.021 A cm−2 over
















Tig. 2. (a) Transmission and (b) backscattering proﬁles of an electrolytic bath of Z
middle), and (iii) clarifying zone (top). The data are reported as a function of time 
3 min) was selected on the basis of additional testing (not pre-
ented here) using a Hull cell.
Previous studies [21–23] have demonstrated that the reduction
rocess involves the species ZnCl42−, which is reduced to Zn metal
ia the following reaction:
ZnCl2−4 + 2e−
→ Zn(O) + 4Cl− E′
ZnCl2−4 /Zn(O)
= −1.097 V vs. SCE (1)
The AgPs do not intervene in this reaction; however, because of
heir positive surface charge (see Fig. 1), they are transported via
igration toward the surface of the cathode (negatively charged
lectrode), where they are occluded during the formation of the
n(0) coating.
The morphology of each coating was evaluated using a scan-
ing electron microscope (JEOL JSM-6510LV) coupled to an EDS
nalyzer (Bruker Quantax 200), and the topography was analyzed
sing a proﬁlometer (Veeco Dektak 6 M).  The deposited phases
ere identiﬁed via XRD using a Bruker diffractometer (D8 Advance,
ragg–Brentano arrangement) with CuK-radiation ( = 1.54 A˚).
he 2 range of 30–95◦ was  recorded at a rate of 0.2◦ s−1.h silver particles (AgPs) in the (i) sedimentation zone (bottom), (ii) opacity zone
h) and sample height (0–53 mm).
2.3. Antimicrobial tests
In this study, the antimicrobial activity of the Zn/AgP coatings
was assessed using two well-established microbiological tech-
niques [24–27]. The zone of inhibition test [24,25] was  used to
determine the extent of the release of silver from the composite
materials, and the most probable number technique [26], which
is commonly used for the enumeration of coliforms, was used to
count the number of viable microorganisms expressed as colony-
forming units per plate (CFU). For this purpose, a scientiﬁc bacterial
colony counter (model CVP-CM3) was used.
The antibacterial activity was  tested against Gram-negative
Escherichia coli (E. coli) (ATCC 10536) and Gram-positive Staphylo-
coccus aureus (S. aureus)  (ATCC 6538) bacteria. Cultures of the two
strains were grown overnight in an agar medium (AGAR standard
methods, BD BIOXON) at 35 ± 0.5 ◦C with aeration and were trans-
ferred the following day into a fresh medium at an initial optical
density (OD) of 0.1 at 650 nm.  When the culture reached an opti-
cal density of 0.3 OD at 650 nm,  the cells were diluted to a ﬁnal
concentration of 670 CFU mL−1 in a sterile phosphate buffer (inocu-
lum solution). The bacterial suspensions were then transferred onto
nutrient agar plates. The plates were allowed to grow overnight at













































CTAB. In the absence of CTAB (Fig. 5a), hexagonal crystals ori-
ented perpendicular to the substrate surface were obtained, and
the coating was compact; interstices were not observed between
the clusters, indicating that the coating covered the entire surface.Fig. 3. Schematic diagrams of the dispersion of Ag particles in an electro
5 ± 0.5 ◦C, and the viable bacteria were then counted. This exper-
ment was performed as an additional control.
.4. Inoculation of test surfaces
.4.1. Time-of-contact inﬂuence
The inoculum solution was placed in direct contact with the
n/AgPs coatings for three different durations: 1, 15, and 30 min.
o perform this test, 1 mL  of the inoculum solution was applied
o the Zn/AgPs surface and left in contact with the surface for a
redetermined time (1, 15, or 30 min). Afterward, the solution was
ransferred into a sterile phosphate-buffer solution (10 mL), and
 mL  of this mixture was added to a Petri dish that contained nutri-
nt agar under soft agitation for 1 min. The samples were examined
fter incubation at 35 ± 0.5 ◦C for 24 h.
.4.2. Zone of inhibition test
The antibacterial activity of the Zn/AgPs coatings was demon-
trated by placing the coatings on the surface of nutrient agar
eeded with a suitable test organism (E. coli or S. aureus) in a Petri
ish. After incubation at 35 ± 0.5 ◦C for 24 h, the samples were visu-
lly examined for zones of inhibition (regions surrounding the test
ample in which bacterial growth was inhibited or did not occur).
. Results
.1. AgP suspension stability measurements
The stability of the AgPs suspended in solution was  measured
sing a dispersion-stability analyzer. The stability tests were per-
ormed at 25 ◦C in cylindrical glass tubes with a sample height of
3 mm.  The scanning was performed at intervals of 10 min  for 24 h.
he typical transmission and backscattering proﬁles of the CTAB
osage on the stability of the aqueous AgPs dispersion were shown
n Fig. 2.
The transmission proﬁle (Fig. 2a) shows the formation of a peak
t the top of the vial (48–52 mm),  which increases with time, this
ehavior is indicative of the formation of a clarifying zone in this
egion. Furthermore, in the region from 2 to 48 mm,  the transmis-
ion signals are close to the line basis value (∼1% T) during the
eriod of the experiment (24 h), indicating that in this range the
olution is opaque.
The backscattering proﬁle (Fig. 2b) shows a decreases at the
op (region III) as a function of time due a decrease of the con-
entration of particles, i.e., a clariﬁcation, while it increases at the
ottom (region I) due to the increase of particle concentration after
o the sedimentation formation. Furthermore, the proﬁles show an
ncrease of the backscattering signals as a function of time in the
iddle of the sample (region II), which is characteristic of a parti-le size increase. This behavior is characteristic of a phenomenon
alled differential sedimentation [28]. The above results revealed
hat stable suspensions of AgPs were obtained when CTAB is used
s a surfactant.ath: (a) without the surfactant CTAB and (b) with the addition of CTAB.
Fig. 3 presents schematic diagrams of the dispersion processes
without (Fig. 3a) and with (Fig. 3b) the presence of CTAB as
a dispersant. In the latter case (Fig. 3b), the dispersion stabil-
ity of the aqueous AgPs suspension is enhanced dramatically, as
expected. Generally, this behavior is attributed to the effects of
steric hindrance and electrostatic repulsion, which contribute to
the stabilization of a colloidal system [29].
Fig. 4 shows that the thickness of the clarifying layer (H) in
the upper portion of the aqueous AgPs suspension decreased sig-
niﬁcantly in the presence of the dispersant and increased over time.
After 24 h, the H value of the aqueous AgPs suspension with
0.5 mM CTAB had decreased by only 4.3 mm,  unlike the suspen-
sion without the dispersant (48.2 mm).  The greater stability of the
AgP particles in the suspension with the dispersant is attributed to
the modiﬁcation of the solid surfaces of the silver particles via the
adsorption of CTAB (see Fig. 1). Because of its spatial structure and
hydrophilic functional groups, CTAB can enhance the electrostatic
repulsion and steric hindrance between Ag particles.
3.2. Zn/AgP coating structure and composition
The Zn/AgPs composite was  electrodeposited from a base solu-
tion (S0). The Zn/AgPs deposits were analyzed using a variety of
techniques (SEM, EDS, ICP, and XRD) to determine the inﬂuence of
the CTAB concentration in the electrolytic bath on the morphology
and composition of the coatings. The Zn/AgPs coatings were gal-
vanostatically grown (0.021 A cm−2, over 23 min). The thickness of
the coatings was approximately 14 m,  as measured using X-ray
ﬂuorescence.
Fig. 5 presents SEM images and an EDS analysis of Zn/AgPs
coatings obtained from acidic electrolytic baths with and withoutFig. 4. Effect of CTAB dosage on the clarifying-layer thickness (H) as a function of
time (0–24 h).
















cig. 5. (a) (i) SEM images of Zn coatings and (ii) elemental mapping proﬁle. (b) (i) 
nd  0.05 mM CTAB, with the results of the EDS analysis shown in the inset, and (ii) 
imilar behavior was observed for coatings obtained at the lowest
ested CTAB concentration (0.05 mM)  (Fig. 5b). For this concentra-
ion of CTAB, the average size of the clusters was 0.46 ± 0.1 m.
urthermore, the EDS spectra of the coatings indicated the pres-
nce of Zn and Ag (inset Fig. 5b). The elemental mapping proﬁles
f the coatings further conﬁrmed the presence of Zn and Ag as well
s their distribution patterns.
The surface morphologies of the coatings obtained from solu-
ions with higher CTAB concentrations (≥0.5 mM)  showed an
ncrease in their cluster sizes (0.66 ± 0.1 m)  (Fig. 6). This increase
n cluster size is expected, considering the blocking effect of the
ispersant (CTAB), which causes a reduction in both the number of
ctive sites and the nucleation rate.
When Figs. 5b and 6 are compared, there is an observable
ncrease in the Ag signal intensity with an increasing CTAB con-
entration in the electrolytic bath, indicating that the presence ofmages of Zn/AgP coatings obtained from an electrolytic bath with 2.5 mg L−1 AgPs
ntal mapping proﬁle of the n/AgP coatings.
CTAB enhances the occlusion of Ag into the Zn coating matrix. This
behavior can be attributed to the positive superﬁcial charge trans-
ferred from the surfactant to the Ag nanoparticles, thus favoring
their migration toward the cathode. The cross-sectional SEM image
presented in Fig. 7, along with the elemental mapping analysis of
the Zn/AgPs coatings, reveals a homogeneous distribution of AgPs
throughout the thickness of the coating; the same behavior was
observed for all surfactant concentrations.
To quantify the chemical compositions of the coatings, the
Zn/AgPs coatings were oxidized in a solution of 5% sulfuric acid
and 3 mL/L HNO3. The obtained solutions were analyzed using ICP
spectrometry. The chemical compositions of the Zn/AgPs coatings
obtained from solutions with various concentrations of CTAB are
presented in Table 1.
These results conﬁrm that the occlusion of the AgPs in the
coating matrix can be promoted by increasing the dispersant
Y. Reyes-Vidal et al. / Applied Surface Science 342 (2015) 34–41 39












cFig. 7. SEM micrograph of a cross section of the Zn/AgP coating electro
oncentration in the electrolytic bath. This behavior is a result of
he improved migration of the Ag particles toward the negatively
harged electrode (cathode) caused by the increase in the electric
harge of the Ag particles that occurs because of the adsorption of
he dispersant on the particle surfaces.
The roughness of the resulting coatings was evaluated along a
epresentative line of 10 mm using a proﬁlometer. The distance
rom the mean line to the highest peak, Rp, was calculated from
hree measurements (Table 1). For the coating obtained in the
able 1
ariation in the concentration of AgPs in the Zn/AgP coatings as a function of the
oncentration of CTAB in the electrolytic bath.
[CTAB] mM AgPs concentration in the coating (mg  cm−3) Rp (m)
0.00 – 0.75 ± 0.03
0.05 4.3 ± 0.30 1.27 ± 0.02
0.10 5.6 ± 0.33 1.43 ± 0.05
0.50 6.0 ± 0.30 2.02 ± 0.03
1.00 6.4 ± 0.32 3.10 ± 0.03
10.00 9.3 ± 0.46 3.27 ± 0.04
50.00 14.1 ± 0.70 47.21 ± 0.03sited from an electrolytic bath with 2.5 mg  L−1 AgPs and 10 mM CTAB.
absence of CTAB (Fig. 4a), Rp = 0.75 ± 0.03 m,  and the Rp values
increased with increasing concentrations of CTAB in the solution.
This behavior is related to the increase in the Ag content of the
coatings and the possible formation of Ag clusters on the sur-
face. Regardless, the coatings that were produced were compact,
smooth, and adherent, and they completely covered the substrate
surfaces.
The XRD data (Fig. 8) reveal that signals from the (1 0 0), (1 0 1),
and (1 0 3) Zn planes predominated in the XRD pattern. (0 0 2)
Peaks appeared only when the Ag content was  14.0 mg  cm−3. The
absence of diffraction peaks associated with the Ag particles can
be attributed to either the Ag particles being sparsely distributed
along the Zn surface in amounts that were too small to be detected
via XRD or the positioning of the silver particles predominantly at
the columnar boundaries in the Zn matrix.
3.3. Zn/AgP antibacterial activityThe antibacterial activity of the coatings was evaluated after var-
ious contact times (each test was  performed in triplicate). Table 2
presents a summary of the obtained results. The biological test
40 Y. Reyes-Vidal et al. / Applied Surface Science 342 (2015) 34–41
Table 2
Average bacterial counts (CFU) on Zn/AgP surfaces for various contact times and various concentrations of AgPs in the coatings.
AgPs concentration in the coatings (mg/cm3) Escherichia coli growtha (CFU/plate) Staphylococcus aureus growthb (CFU/plate)
Contact time (min) Contact time (min)
1 15 30 1 15 30
<1.85 19 ± 2.0 20 ± 2.0 30 ± 4.0 13 ± 2.0 16 ± 2.0 20 ± 4.0
4.3  9 ± 1.0 9 ± 1.0 7 ± 1.0 11 ± 1.0 13 ± 1.0 2 ± 1.0
5.6  12 ± 1.0 10 ± 1.0 4 ± 1.0 10 ± 1.0 10 ± 1.0 2 ± 1.0
6.0  12 ± 1.0 16 ± 2.0 5 ± 1.0 12 ± 1.0 11 ± 1.0 1 ± 1.0
6.4  12 ± 2.0 15 ± 2.0 5 ± 1.0 10 ± 1.0 10 ± 1.0 2 ± 1.0
9.3  14 ± 1.0 11 ± 1.0 5 ± 1.0 17 ± 1.0 14 ± 1.0 3 ± 1.0
14.0  8 ± 1.0 11 ± 1.0 6 ± 1.0 17 ± 1.0 14 ± 1.0 2 ± 1.0
a Sample control Escherichia coli: 154 ± 3 CFU/plate.
b Simple control Staphylococcus aureus: 123 ± 5 CFU/plate.
30 40 50 60 70 80 90
Zn/AgPs
(AgP´s=  14 .0 mg cm-3 )
Zn/AgPs
(AgP´s=  9.3mg cm-3 )
(311 )(220 )(111 ) AgPs 
Zn/AgPs



















and subsequently penetrate it, thereby causing structural changes
to the cell membrane, altering the permeability of the cell mem-Fig. 8. XRD patterns of Zn/AgP coatings with various concentrations of AgPs.
evealed that the Zn coatings without AgPs caused reductions in
. coli and S. aureus growth of 87.0% and 89.5%, respectively, rela-
ive to the control sample after 1 min  of contact time. Additionally,
fter 30 min  of contact time, the growth inhibition rates of E. coli
nd S. aureus decreased to 80.5% and 83.73%, respectively. These
esults demonstrate that Zn, like other heavy metals such as Co
nd Cu [30], has the ability to inhibit bacterial growth.
In the present study, even at very low densities of AgPs in the
n/AgPs coatings, the growth rates of S. aureus and E. coli were found
o be further decreased. For the Zn/AgPs coatings with 4.3 mg  cm−3
gPs, the growth inhibition rates for E. coli were 94.1% and 95.4%
Fig. 9. Tests of the antibacterial activity of Zn/AgP coatings with 4.3after 1 and 30 min  of contact, respectively. For S. aureus,  the growth
reduction rates were 91.0% and 98.4% at the same contact times.
Similar results were observed at higher concentrations of AgPs
in the coatings. The capacity for bacterial growth inhibition of
the Zn/AgPs coatings was higher than that observed for triclosan-
treated plastic surfaces, for which the inhibition rates for S. aureus
and E. coli after 60 min  of contact were 80% and 87%, respectively
[25], and which is similar to the inhibition observed when surfaces
such as wood, plastic, or triclosan-treated plastic are cleaned with
a commercial antibacterial product [25].
Fig. 9a and b show images of agar plates after 24 h of incuba-
tion, in which large degrees of inhibition of S. aureus and E. coli,
respectively, were observed on the surfaces of the Zn/AgP coatings
with 4.3 mg  cm−3 AgPs. Bacterial growth proceeded adjacent to
the Zn/AgP coatings, and a zone of bacterial growth inhibition
was observed surrounding the Zn/AgP samples. Interestingly, on
the edges of the Zn/AgP coatings, bacterial growth was observed
in certain areas where peeling of the coating occurred. These
results indicate that under moist conditions in the presence of
cellular nutrients, S. aureus and E. coli cells are able to multi-
ply and form colonies; however, this growth is inhibited on the
surfaces of Zn/AgP coatings, thus demonstrating the antibacte-
rial activity of the coatings. This property is primarily attributed
to the presence of the AgPs because silver is an antimicrobial
agent.
The exact mechanism that causes the antimicrobial effect
observed for silver particles is not known and is a subject of
some debate. There are, however, various theories surrounding
the microbicide effect of Ag particles. Sondi [11] has found that
Ag particles have the ability to anchor to the bacterial cell wallbrane, and causing the death of the cell. It has also been proposed
that these particles can release Ag ions [31] and that these ions can




















































[31] Q. Feng, J. Wu,  J.O. Kim, A mechanistic study of the antibacterial effect of silverY. Reyes-Vidal et al. / Applied
nteract with the thiol groups of many vital enzymes and inactivate
hem [32].
. Conclusions
An electrochemical deposition method for the fabrication of
n/AgPs composite coatings was proposed. The method is based
n the suspension of AgPs in an electrolytic bath solution. For this
rocedure, the cationic surfactant (dispersant) CTAB was  used to
acilitate particle suspension. The results revealed a homogeneous
ispersion of the AgPs in the coatings, with the AgPs becoming
ore concentrated with an increasing concentration of CTAB in the
lectrolytic bath.
Compact, smooth, and shiny coatings were obtained for all sam-
les. However, the roughness values increased with increasing
TAB concentration. This behavior is related to the higher content
f AgPs in the Zn/AgPs matrix and the formation of clusters on the
urfaces of the coatings. Growth inhibition rates of between 91%
nd 98% for the Gram-positive bacterium S. aureus and the Gram-
egative bacterium E. coli were demonstrated for contact times
anging from 1 to 30 min.
These results are similar to those obtained in studies using com-
ercial antibacterial products (wipes and cleaning sprays).
However, unlike commercially available antibacterial products,
hich have a limited lifetime because they give rise only to the
ormation of a surface antimicrobial layer, in the proposed Zn/AgP
oatings, the Ag nanoparticles occluded in the coating allow the
ntibacterial activity to be maintained throughout the useful life-
ime of the coating.
In conclusion, Zn/AgPs are said to be self-hygienic, and Zn/AgPs
omposite coatings can be employed for various potential appli-
ations, e.g., shopping carts, handrails on buses, railings, etc.,
o assist in decreasing the rate of disease transmission through
ontact between contaminated metal surfaces and people’s
ands.
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